shown, using Calu-3 cells cultured in LCC, that meningococci may be internalized and 1 0 3 transported to the basal domain by subverting the intracellular traffic of the host cells 33 . 1 0 4 However, they have also shown that the translocation of bacteria was fully inhibited in highly 1 0 5 polarized cells cultured for 18 days. In addition to these works, a series of ex vivo experiments were carried out between 1 0 7 1980 and 1995 using organ cultures instead of immortalized cells [34] [35] [36] [37] . The authors have 1 0 8 observed a direct interaction between meningococci and explant epithelial cells. This has been 1 0 9 associated with the loss of cilia and, for some explants, with the internalization of bacteria in 1 1 0 epithelial cells. However, in each of these experiments, the explants were immersed in liquid 1 1 1 medium, a protocol that may have altered cell morphology and disrupted the mucus barrier. The study of meningococcal colonization of the human upper respiratory tract has 1 1 4 been hampered by the lack of relevant models. In this work, we took advantage of Calu-3 1 1 5 cells grown under AIC 38 to study how meningococci colonize the nasopharyngeal niche. Infection of Calu-3 cells revealed the dependence of N. meningitidis on mucus in this model. Our results suggest that the mucus protects meningococci against death associated with 1 1 8 desiccation and support growth of bacteria. We have shown that the mucus layer sequestered 1 1 9 bacteria and that a firm interaction of bacteria with the epithelial cells was rarely observed. Bacteria grew without triggering a strong innate immune response from the Calu-3 cells. Embedded in the mucus, meningococci were protected and fed, expressed less adhesion 1 2 2 factors, a high level of iron transporters and type IV pili were not necessary for colonization. swabbing whereas an active component system should have eliminated these strains. It was 4 0 2 therefore not surprising to observe the lack of regulation of ctrA gene expression between the 4 0 3 different conditions tested. Based on our results, and in the context of the MenB vaccine, it 4 0 4 may be important to further investigate the expression of fhbp in the context of respiratory 4 0 5 mucus. Finally we showed that lbpA, tbpA and FetA were highly expressed in AIC, 4 0 6 confirming the low concentration of free iron in this model. Staphylococcus, Alloiococcus and Corynebacterium 40, 41 . The impact of the microbiota on the 4 1 0 growth, survival and expression of N. meningitidis virulence factor is not yet known. Here, we 4 1 1
have used the AIC model to address the impact, on N. meningitidis growth, of the 4 1 2 colonization by two of these bacteria. We infected Calu-3 cells with S. mitis or M. catarrhalis. Interestingly, we observed that S. mitis promoted meningococcal growth 24 hours after 4 1 4 infection. This result was not expected since it is known that the pyruvate oxidase (SpxB) of 4 1 5
Streptococcaceae produces a high amount of hydrogen peroxide and inhibits the growth of N. 4 1 6 meningitidis in broth 53 . Okahashi has shown that S. mitis also expresses SpxB, which may be 4 1 7 deleterious for Calu-3 cells 54 . We therefore studied the growth of co-cultured meningococci 4 1 8 with S. mitis in broth ( Figure S4 ). As described, a high ratio of S. mitis killed meningococci, 4 1 9 while a ratio of 1 S. mitis per 10 N. meningitidis is sufficient to reduce the total number of 4 2 0 meningococci by two after one day of co-culture. Conversely, in AIC, S. mitis promotes the 4 2 1 growth of N. meningitidis, suggesting that S. mitis was less active against meningococci in 4 2 2 AIC conditions. In addition, our glycomic analysis indicated that S. mitis is capable of is known to express many glycosyl hydrolases 45 . Since sialic acids were released from the O-4 2 5 glycans, we assessed whether this could provide a growth advantage for N. meningitidis. As 4 2 6 1 8 anticipated, meningococci were unable to grow in the presence of sialic acid as sole carbon 4 2 7 source in broth, and the addition of sialic acid in the mucus of Calu-3 cells was not sufficient 4 2 8 to enhance the growth of meningococci (data not shown). However, it can be hypothesized 4 2 9 that S. mitis might increase the concentration of other nutrients that may be metabolized by N. All together, our results have shown that infection of mucus-producing cells in AIC is 4 3 3 different from that of conventional experiments performed in LCC. While these latter works have investigated the interaction of N. meningitidis with epithelial cells, which is likely to 4 3 5 occur after substantial inflammation or mechanical breach in the mucus layer, our present 4 3 6 study emphasizes that N. meningitidis is certainly trapped in the mucus layer and rarely 4 3 7 interacts with human cells while the host response is less pronounced. Further work will be 4 3 8 needed to better understand how N. meningitidis regulates its virulence factors and cohabit 4 3 9 with other bacterial species in the mucus. Transwell ® ). For traversal assays, 3 μ m pore membrane were used. Prior to cell seeding,
filter's membranes were coated with type IV human placenta collagen (Sigma) for 24 hours. culture medium in the apical chamber and 1.2 ml in the basal chamber. In AIC conditions, the 4 7 3 apical culture media was removed after five days and cells were allowed to grow at air- interface for 3 to 6 days (week 0) or for 14 to 17 days (week 2). Liquid-covered layers were 4 7 5 seeded and cultured as described above, except that the apical media were maintained all that have been grown on a 3 µm pore membrane were decreased, as indicated by the cells and harvested. This process was repeated 3 times and CFU were counted in this outer 4 9 4 mucus fraction by plating serial dilutions. Then for cell-attached mucus fraction, scratching 4 9 5 collected cells were vortexed and bacterial loads were assessed by plating CFU. Transmigration assay. One day prior infection with bacteria, human interleukine-4 (IL-4) and interleukine-13 (IL-13) were added in the basal chamber of Calu-3 cells cultured in AIC at optiMEM medium for 2 to 3 hours at 37°C. After reaching the exponential growth phase, 5 0 5
Calu-3 cells grown for two weeks in AIC were infected with 10μl of bacterial suspension catarrhalis. During the assay, the cells were incubated at 37°C in a 5% CO 2 incubator. Fixed cells. For immunofluorescence assays, Calu-3 cells were grown in AIC and infected for 5 1 5 24 hours. The filters were fixed with 4% paraformaldehyde for 1 hour at room temperature, 5 1 6 washed two times with PBS and permeabilized for 10 minutes with PBS-0.1% X-100 Triton 5 1 7 and 10 minutes in PBS-0.1%BSA 0,1% X-100 Triton (staining buffer). The cells were then 5 1 8 incubated with an anti-N. meningitidis strain 2C4.3 (anti 2C4.3) (and an anti-MUC5AC 5 1 9 monoclonal antibody (clone 45M1; life technologies) in staining buffer for 2 hours. After 5 2 0 three washes in PBS, the filters were incubated with Alexa-conjugated secondary antibodies 5 2 1 for 2 hours. Nuclei DNA and actin were respectively stained with DAPI at 1 μ g/mL and Alexa-conjugated phalloidin (Invitrogen). After several washes, the membranes were cut from 5 2 3 the plastic support and the coverslips were mounted in Mowiol for observation.
2 4
Living cells. Because the mucus could not be easily preserved through fixation, its production 5 2 5 over time was monitored by imaging living cells labeled with an Alexa-conjugated Dextran at were removed and washed before confocal acquisition. During acquisition, the cells were 5 3 0 maintained at 37°C under 5% CO 2 . performed using Imaris software. Fisher Scientific (Illkirch, France).
4 4
Electron microscopy. All incubations were performed at room temperature. Whole inserts 5 4 5
were fixed in 1% OsO4 diluted in FC-72 for 90 minutes, rinsed in FC-72 for 30 min and fixed 5 4 6 in 2.5% glutaraldehyde diluted in 0.1 M sodium cacodylate buffer, pH 7.4 for 90 minutes. The inserts were then rinsed in cacodylate buffer (2x30 minutes) and immersed in an ascending Samples were frozen and stored at -80°C. Samples were then treated with chloroform and the 5 7 8 aqueous phase was collected and used in the RNeasy Clean-up protocol (Qiagen). RNA 5 7 9 samples were incubated with turbo DNase (Invitrogen) for 1 hour at 37°C before cleaning-up 5 8 0 on RNeasy mini-column. Elution of RNA was done in nuclease-free water and 1 µl of 5 8 1 rRNasin (Promega) was added before storage.
8 2
Retrotranscription: cDNA synthesis reactions were carried out using the Lunascript RT 5 8 3
Supermix kit (NEB) and 500 ng of RNA was used for each reaction. (green) and anti-MUC5AC antibody (purple). Cells were stained with A546-phalloidin (red) 7 1 6
and nuclei were stained with dapi (blue). Bar: 20 µm. independent experiment in triplicate). At least five filters, three independent experiments). The mucus was labeled with Alexa-conjugated Dextran (cyan) and cells were stained with using 0.4µm pore membrane or 3µm pore membrane, with or without addition of 5 ng/ml IL- four hours after infection of Calu-3 cells with 10 2 or 10 4 or 10 6 bacteria, cells were fixed and 7 7 4
immuno-stained with anti-2C4.3 antibody (green). Cells were stained using Alexa-conjugated 7 7 5 phalloïdin (in red). Nuclei were stained with dapi (blue). Bar: 20 µm. 1  9  G  a  n  z  ,  T  .  A  n  t  i  m  i  c  r  o  b  i  a  l  p  o  l  y  p  e  p  t  i  d  e  s  i  n  h  o  s  t  d  e  f  e  n  s  e  o  f  t  h  e  r  e  s  p  i  r  a  t  o  r  y  t  r  a  c  t  .  T  h  e  J  o  u  r  n  a  l  o  f  8  3  8   c  l  i  n  i  c  a  l  i  n  v  e  s  t  i  g  a  t  i  o  n   1  0  9   ,  6  9  3  -6  9  7  ,  d  o  i  :  1  0  .  1  1  7  2  /  J  C  I  1  5  2  1  8  (  2  0  0  2  )  .  8  3  9   2  0  C  o  l  e  ,  A  .  M  .  ,  D  e  w  a  n  ,  P  .  &  G  a  n  z  ,  T  .  I  n  n  a  t  e  a  n  t  i  m  i  c  r  o  b  i  a  l  a  c  t  i  v  i  t  y  o  f  n  a  s  a  l  s  e  c  r  e  t  i  o  n  s  .  I  n  f  e  c  t  i  o  n  8  4  0   a  n  d  i  m  m  u  n  i  t  y   6  7   ,  3  2  6  7  -3  2  7  5  (  1  9  9  9  )  .  8  4  1   2  1  B  r  a  n  d  t  z  a  e  g  ,  P  .  M  u  c  o  s  a  l  i  m  m  u  n  i  t  y  :  i  n  d  u  c  t  i  o  n  ,  d  i  s  s  e  m  i  n  a  t  i  o  n  ,  a  n  d  e  f  f  e  c  t  o  r  f  u  n  c  t  i  o  n  s  .  8  4 
